This paper reports the isolation of phenoloxidase-negative mutants of the white-rot fungus Phanerochaete chrysosporium and the results of a survey of idiophasic functions among these mutants. The mutant strains were isolated from a medium containing o-anisidine after gamma irradiation of wild-type spores and fell into four classes, divided by the manner in which they mineralized 14C-lignin wheat lignocellulose. Examples are strain LMT7, which degraded lignin at a rate similar to that of the wild type; strain LMT26, in which degradation was enhanced; strain LMT16, whose degradation rate was apparently unaffected, although the onset of lignin attack was delayed compared with that in the wild type; and strain LMT24, which was unable to evolve significant amounts of 14CO2 from the radiolabeled substrate. The mutants were not necessarily defective in other functions associated with idiophasic activities (intracellular cyclic AMP levels, sporulation, extracellular glucan production, veratryl alcohol synthesis). We conclude that phenoloxidase activity as detected by the o-anisidine plate test is not necessary for lignin degradation. In addition, mutations resulting in the loss of lignin-degrading ability were not necessarily pleiotropic with other idiophasic functions.
The basidiomycete Phanerochaete chrysosporium has been extensively studied as a model for lignin degradation by fungi (20) . Initiation of ligninolytic activity takes place at the cessation of primary growth, together with the onset of other idiophasic activities (3, 15) , and this coincides with a dramatic increase in the level of intracellular cyclic AMP (cAMP) (10) . The in vitro translation of mRNA populations from ligninolytic and nonligninolytic phases of growth has demonstrated mRNA species unique to the two states (R. Haylock, R. Liwicki, and P. Broda, manuscript in preparation), suggesting that part of the regulation of ligninolysis is at the level of transcription. Enzymes which are involved in the attack on lignin have recently been isolated from culture fluids of stationary-phase batch cultures of this organism (6, 18) .
Phenoloxidases are produced by white-rot fungi as indicated by the Bavendamm reaction and have long been implicated in lignin degradation. Two phenoloxidase-negative mutants have been reported, one in P. chrysosporium (4) and the other in the closely related species (14) Sporotrichum pulverulentum (1) . One mutant (4) (10) .
RESULTS AND DISCUSSION Gamma irradiation was used for the mutagenic treatment since it causes deletions, inversions, and translocations (11); such mutants tend to be more stable than those with point mutations. Survival curves for P. chrysosporium spores showed a rise in viability, presumably due to radiation-induced germination, before a logarithmic decline. Spores from S. pulverulentum gave a similar response. After irradiation of P. chrysosporium spores, the following auxotrophic mutants were isolated from a screening of 600 colonies: LMT30 (leucine negative); LMT31 (histidine negative); LMT320, 321, and 322 (riboflavin negative); and LMT33 (pyridoxine, pantothenic acid, or nicotinic acid negative).
The o-anisidine plate test for the isolation ofphenoloxidasenegative mutants was based on that described previously (1, 4) and was used to isolate mutants with decreased ability to degrade lignin. We found the test to be insensitive and unreliable under the conditions used, since colonies varied in the intensity and time-course of coloration. Thus, colonies were not finally judged to have a phenoloxidase-negative phenotype until they had given a negative response in four successive transfers. Twenty-nine such mutants were isolated from an initial screening of 4,000 colonies. The majority of mutant strains had normal growth rates as measured by 14CO2 evolution from ['4C]glucose (Fig. 1 The mutant strains were tested for ligninolytic activity, and on this basis they were divided into four classes as shown in Fig. 2 . Several mutants designated phenoloxidase negative (e.g., LMT7 and LMT9) showed ligninolytic activity similar to that of the wild type. We thus conclude that phenoloxidase activity as detected by the o-anisidine plate test is not required for lignin degradation. This contrasts with the report (18) that a ligninase from P. chrysosporium possesses intrinsic phenoloxidase activity. Two mutants, LMT24 and LMT15, did not degrade lignin significantly within 30 days (data not shown). This contrasts with the S. pulverulentum phenoloxidase mutant Phe3 (1), which degraded lignin at 10% of the wild-type rate under our conditions (results not shown). LMT16 exhibited a period of greatly reduced ligninolytic activity lasting 9 days, followed by normal degradation rates, implying that regulation of the onset of ligninolytic activity had been altered. Of particular interest was strain LMT26, in which the rate of lignin degradation was enhanced. The wild type displayed the characteristic 3-to 4-day primary growth phase followed by the onset of lignin degradation.
Other properties that have previously been linked to ligninolytic activity or correlated with secondary metabolism were also examined and are summarized in Fig. 1 and 3 . The correlation of loss of phenoloxidase activity with loss of ligninolytic activity, observed by others and by us in some of our mutants, does not hold true for all of our mutants. The only clearly demonstrated roles for phenoloxidases in fungi are the polymerization of toxic extracellular phenolic compounds (13) and in the morphogenesis of other fungi (Agaricus bisporus [21] , Aspergillus nidulans [7] , and Schizophyllum commune [9] ). The mutations described here must be in a number of sites and are possibly due to the formation and selection of developmental mutants, since sporulation, the ability to degrade lignin, and secondary metabolite production are independent characters (Fig. 1) .
3,4-Dimethoxycinnamyl alcohol, a secondary metabolite synthesized from glucose and secreted by P. chrysosporium during idiophasic metabolism, is cleaved by the enzymes of lignin degradation to yield veratryl alcohol (16) . Veratryl alcohol was detected in the growth medium of all but two strains that degraded lignin. The metabolite was found in only small quantities or was absent in the culture filtrate of all the nonligninolytic mutants. The low level of veratryl alcohol in culture filtrates from the hypoligninolytic strain LMT4 and the delayed-onset mutant LMT16 (Fig. 3 ) may have been due to the absence of postsecretion cleavage resulting from low levels of the required enzyme. We have not yet been able to verify this hypothesis by measuring 3,4-dimethyoxycinnamyl alcohol.
cAMP has been proposed as a regulator of developmental events in fungi (2) . It has also been shown that the onset of ligninolytic activity and idiophasic metabolism in P. chrysosporium is preceded by a 10-fold increase in intracellular cAMP (10) . Figure 3 shows the relationship between intracellular cAMP level and two idiophasic activities, lignin degradation and extracellular veratryl alcohol production, after 9 days of growth. Strains LMT4 and LMT22 had relatively high intracellular cAMP levels but were hypoligninolytic. Strains LMT15 and LMT24, both nonligninolytic, had very different intracellular levels of cAMP, with LMT15 having only 10% of the level in LMT24. Thus, if regulation of lignin degradation is influenced by cAMP, there may be an additional regulatory component. The increased cAMP levels in only two of the four strains with enhanced lignin degradation support this hypothesis.
Glucose or another carbon source is required as a cosubstrate for lignin degradation (5, 20) . In P. chrysosporium lignin degradation occurs after nitrogen exhaustion and is partially inhibited by high glucose concentrations, possibly due to the physical barrier provided by extracellular glucan synthesized under these conditions (8) . It would be advantageous to obtain a ligninolytic mutant producing reduced amounts of glucan, since this should facilitate a more rapid and thorough degradation of lignin. However, mutants which did not produce glucan were also unable to degrade lignin.
All of the mutants were stable except for LMT26, which was initially found to be hyperligninolytic but which lost the ability to degrade lignin during storage. This new mutant, redesignated LMT26a, had a reduced cAMP level, suggesting that the mutation affected the control of cAMP levels and was unstable.
In idiophasic events can be genetically uncoupled, although there may be a bias towards the isolation of strains defective in the control of secondary metabolism; and intracellular cAMP levels may not be the only mechanism of control present. Not only will these mutants provide insight into the nature of lignin degradation; they will also provide a probe for the control of gene expression in fungi.
